Dissolved organic matter (DOM) is a mixture of thousands of organic molecules wide-ranging in molecular weight, polarity and physicochemical properties. DOM is responsible for multiple water treatment issues such as trihalomethane (THM) formation potential and membrane fouling. Two methods of evaluating the polarity of DOM are being used for water treatment application: a serial XAD resin adsorption method at acid pH and the polarity rapid assessment method (PRAM) by parallel solid phase extraction (SPE) cartridges at natural pH. These two methods have been described by their authors as able to define a hydrophobic fraction though they do so by sorption onto different types of material at different pHs. The first part of this study compared the PRAM and XAD methods and showed that the hydrophobic fractions defined by the two approaches were not correlated. This result highlighted the difficulties in defining fractions as 'hydrophobic material'. It appeared that the sorbents for XAD-8 (an acrylic polymer containing oxygen) at pH <3 and C-18 (a pure hydrocarbon polymer coating on silica particles) at neutral or pH <3 did not retain similar hydrophobic fractions. This hypothesis was verified by fluorescence spectroscopy of the effluent of the XAD-8 resin and PRAM C-18 SPE cartridge. Finally the study concentrated on the use of fluorescence and ultrafiltration methods in series with PRAM to gain more insight into the structure and characteristics of the hydrophobic DOM present in drinking water sources. This evaluation showed that the smaller molecular weight fraction of DOM (<1 kDa) had a higher percentage of hydrophobic character and that the fluorescence-defined aromatic protein fraction was the most hydrophilic.
INTRODUCTION
Dissolved organic matter (DOM) is a mixture of chemicals with different molecular size and polarity properties found ubiquitously in aquatic environments. Several models of DOM have been described: a 3-D polymer dependent on pH and ionic strength (Ghosh & Schnitzer ) ; micelles made up of a polar exterior and a non-polar interior (Wershaw ); and supramolecular assemblages that interact with metals and consequently change structures (Piccolo, ) . Each model captures certain aspects of DOM and its constant changes of water quality-dependent physicochemical properties.
DOM is responsible for multiple water treatment issues such as THM formation potential and membrane fouling (Pomes et . Therefore, a better understanding of the physical and chemical characteristics of DOM is a necessary step to optimizing its control. DOM can be characterized by bulk organic parameters of dissolved organic carbon (DOC) in units of mgC/L, UV absorbance at 254 nm (UV 254 ) and specific UV absorbance (SUVA ¼ UV 254 × 100/DOC). These water quality parameters help develop an understanding of what types of treatment to use for DOM removal. Knowledge of the molecular weight distribution and polarity of DOM may help develop a better understanding of both its changes during water treatment and its impact on treatment issues such as the formation of disinfection by-products or membrane fouling.
The XAD resin method has been used for 30 years to measure polarity although it was initially developed to collect sufficient organic matter to enable the identification of the molecular structures of DOM in soil and water (Thurman & Malcolm ). The method was developed to collect the largest amount of DOM possible (Leenheer ) . Thus, acidification was used to neutralize the negative charge of all parts of the NOM acids including phenols. All the XAD development studies were focused on preparative methods and to maintain a separation and subsequent elution of the hydrophobic acid fraction and the hydrophilic acid fraction with XAD-8 and XAD-4 resins, respectively. This paper only evaluates the hydrophobic fraction isolated by XAD-8 resin. The XAD isolation method was then developed by many authors as an analytical tool using smaller scale columns for comparison of these fractions (e.g. Aiken et al. ; Singer et al. ) .
The polarity rapid assessment method (PRAM) was developed as a quick analytical tool at ambient pH to study DOM as it exists in the environment (Rosario-Ortiz et al. a) . PRAM has been used to follow how water quality changes temporally and spatially with parallel evaluations by different polarity columns representing hydrophobic, hydrophilic and charged fractions (Rosario-Ortiz et al. b) . The XAD resin method has been widely used and relies upon acidification and serial extraction of the sample while PRAM was developed in order to run many samples at ambient pH without adjustments or subsequent isolation or elution of compounds. The functionalities and structures of the adsorption sites for the C-18, solid phase extraction (SPE) cartridge and XAD-8 resins are different (Table 1) with the C-18 material a purely linear hydrocarbon and XAD-8 a more polar acrylic ester with polar oxygen groups.
An initial comparison of the methods was completed on a direct basis to see if any relationship between them could be found (Philibert et al. ) . The preliminary study compared measurements of hydrophilic and hydrophobic fractions of DOM by both methods. This approach showed some simple correlations between hydrophobic fractions of both methods when run at pH < 3. However, the correlations of the fractions under normal operational conditions (PRAM at natural pH and XAD at low pH) were weak. These results led to this new study focusing on the hydrophobic fraction. A previous study by Schwede-Thomas et al. () studied similar issues although the focus of the study was the eluted material from each method.
The primary objective of this study was to determine whether XAD-8 and C-18 PRAM data can be related. To reach this objective, the comparison of the resin and PRAM methods was first done at pH 2. At pH 2, the charge of DOM molecules is neutralized by protonation. Therefore the DOM molecules become less polar and are able to sorb more readily onto non-polar sorbents. The comparison was then repeated under the methods' operational conditions (low pH for XAD and natural pH for PRAM).
The secondary objective of this study was to evaluate the possibility of gaining further information on DOM character in drinking water sources by the use of several characterization methods in series. Ultrafiltration (UF) and fluorescence methods were used in series with PRAM to achieve a more detailed look at the physical and chemical characteristics of the DOM.
METHODS

PRAM
The specific details regarding the application of PRAM have been discussed previously (Rosario-Ortiz et al. a, b). Briefly, each SPE sorbent (Extract Clean, Alltech Associates, Deerfield, IL, USA) was first cleaned by passing 20-30 mL of Milli-Q water to ensure the removal of any UV absorbing impurity or around 3 L to lower total organic carbon (TOC) impurities. For measurement by UV, ambient sample flow through each 100 mg, 1.5 mL of SPE cartridge was maintained at 1.2 mL/min using a syringe pump (KD Scientific, Model 100, Holliston, MA, USA) for 8 min. The effluent from each cartridge was collected between 4-8 min (after initial breakthrough) and the absorbance at 254 nm was determined (UV Lambda 45, Perkin Elmer Corp., Boston, MA, USA or a UV 1700 Pharma Spec, Shimadzu). The PRAM-UV experiments are performed in triplicate for each C-18 cartridge. Retention coefficients (RC), describe the fraction of the total material (as determined by UV absorbance or DOC) that was retained by each SPE C-18 sorbent. The samples were run at both natural pH and pH 2.
Fluorescence
Fluorescence Emission Excitation Matrices (EEMs) were measured with a Varian Cary-Eclipse Fluorescence Spectrophotometer Model R3896 to determine the type of humic material by the method of Chen et al. () . SCAN, the software provided by Varian was used to perform the analysis. The excitation wavelength was measured in 5-nm increments with a spectral slit width of 10 nm. A scan rate of 2,400 nm/min was used with an average emission time of 0.1 s per increment over a data interval of 4.0 nm. The PMT detector voltage was set to high for greater sensitivity over all regions with the in-software corrected spectra used. Blank EEMs were measured daily. The blank matrices were subtracted from the data matrices, and the Fluorescence Regional Integration (FRI) method was used as described in Chen et al. () . The fluorescence regions analyzed are (Region I through Region V, respectively): aromatic proteins 1, aromatic proteins 2, fulvic acid-like material, microbial by-product-like material and humic acid-like material.
XAD resin adsorption
Water samples were first acidified to a pH of 2 and then passed through an XAD-8 resin. The method followed is described in detail by Singer et al. () . UV and DOC measurements were made on the raw sample and the effluent of the resin and the corresponding percentage retention was calculated. Samples were run in duplicate.
Ultrafiltration (UF)
DOM size distribution was characterized using UF (Logan & Jiang ; Schafer et al. ) . Millipore YM 1,000 and 10,000 MWCO, and PB 5,000 MWCO membranes were used (Millipore Corp., Billerica, MA). These membranes were characterized by a variety of chemical, biological and dye probes to determine their filtration characteristics with respect to DOM (Revchuk & Suffet ) . UF was done in a Millipore solvent-resistant stirred cell (XFUF 076 01). Membranes were soaked in at least three deionized water baths over a course of 3 h and stored overnight in a 5% NaCl solution to reduce DOC leaching from membrane preservatives. One hundred millilitres of deionized water was filtered through to further reduce the DOC interference. Two hundred millilitres of bulk solution was put in the cell and 100 ml was filtered through under 80 psi.
Water samples
Seven natural water samples were used from the Fort Collins, Colorado region. These water samples covered a wide range of DOC concentrations as well as different water sources (Poudre River, Big Thompson River and East Portal Adams Tunnel). Samples collected at the influent and effluent of the Fort Collins Water Treatment Facility (FCWTF) were among the samples analyzed. Finally a reference standard, Suwannee River sample was made from a Suwannee River isolate (International Humic Substance Society). The water quality parameters for these samples, where available, are summarized in Table 2 .
RESULTS AND DISCUSSION
Comparison of XAD and PRAM retention Figure 1 presents the comparison of retention of DOM by C-18 and XAD-8 at pH 2 by DOC detection. The results using UV 254 detection yielded the same conclusion with an even lower R 2 value. A comparison of the two methods under their specific operational conditions is presented in Figure 2 , using UV 254 as the analytical method. No relationships were found for this dataset. The results clearly show that the two methods do not correlate at all under any analytical conditions. This result highlights the difficulty in choosing a specific method to define a hydrophobic fraction.
This result also underlines the fact that historical XAD data cannot be used alongside PRAM data for a direct comparison.
A comparison of the C-18 retention data at both ambient and low pH was also run. This resulted in a higher correlation but still showed a low R 2 value of 0.55. This indicated that the DOM present in separate samples is too widely different to respond in a predictable manner to the change in pH except that there will be an increase in retention due to protonation of the DOM.
Fluorescence comparison of XAD and PRAM
Fluorescence data of XAD-8 and C-18 effluents were compared in two separate ways. First the fluorescence intensity of each fluorescence region for each sample was calculated and compared. This approach allowed a comparison of the amounts of material detectable by fluorescence for each sample by fluorescence fractions (Figure 3(a) ).
Secondly, the relative intensity of each of these regions was calculated by normalizing the first method's results by the sample's overall fluorescence intensity (sum of all the regions' intensities). Comparing the percentage intensity allowed the comparison of samples in terms of their characteristics despite potentially significant DOM concentration differences (Figure 3(b) ). Figure 3 (a) compares the absolute fluorescence intensity of the regions while Figure 3 (b) compares their percentage intensity for the influent of the FCWTF. A sample from the Big Thompson River (BTR) was also run in the same fashion. In both samples the lowering of the pH to 2 had a definite impact on the fluorescence intensity of the raw water samples. The response to this change is different depending on the water. The BTR sample showed a definite overall decrease in fluorescence intensity after the lowering of the pH. On the other hand the FCWTF influent sample saw its overall fluorescence intensity increase (Figure 3(a) ).
The second observation was that retention of DOM by both methods was seen through the decrease in fluorescence intensity (Figure 3(a) ). The XAD method decreased the fluorescence intensity more than the PRAM method supporting the idea that the XAD resins retained more material. Significantly, the PRAM method showed an increase in fluorescence intensity in the region I (aromatic proteins I) while the XAD method removed this fraction. These differences in results were also translated into Figure 3 (b). The main peaks for both samples were from the II (aromatic proteins II), III (fulvic acid-like) and V (humic acidlike) regions. However the comparison between the C-18 and XAD resin at pH 2 showed that region I (aromatic proteins I) was more intense after passing through the C-18 cartridge while a higher peak in the region IV (microbial by-products) occurred after passing through the XAD resin.
This leads to the conclusion that the two methods did not isolate similar fractions of hydrophobic DOM at either natural or low pH. There were large enough differences that their direct comparison was not straightforward. Future analysis of these differences should allow for a better understanding of the nature of the DOM to be characterized. This comparative analysis of these two methods agreed well with the results of Schwede-Thomas et al.
() which concluded that both techniques isolated fractions that could only be differentiated when analyzed by a full array of analytical methods. The result of the present study shows further the difference between the methods by evaluating the fluorescence regions that were more readily retained by each isolation technique.
These comparative results did not lead to the conclusion that one method is preferable to the other. Prior to selecting a polarity characterization method for study purposes it will be important to compare each method's positives and negatives for the study objectives. Future studies focusing on correlations between hydrophobic content for each method and water treatment issues such as THM formation or membrane fouling will provide more accurate selection criteria.
PRAM and UF
The Fort Collins effluent sample containing 1.4 mgC/L DOC was passed though 10 kDa, 5 kDa and 1 kDa UF membranes in parallel. Figure 4 presents the DOC in mgC/L that was measured for the raw water sample and the parallel membrane effluent samples. Thus, the size fractions are overlapped, e.g. the <5 kDa effluent fraction included the <1 kDa fraction. Both the 5 and 10 kDa UF membranes removed only 15% of DOC, whereas the 1 kDa UF membrane removed about 60% (i.e. about 40% of the DOC was <1 kDa).
The C-18 retention coefficient (RC) can be described as showing primarily the aromatic (UV 254 ) fraction of the DOC of each of the FCTWTF effluent size fractions at ambient pH. The data from Figure 4 show that the <1 kDa fraction from the effluent of the 1 kDa membrane contained 40% of the DOC (0.5 mgC/L) and had a greater hydrophobic character than the other UF size fractions. In other words, the aromatic molecules that passed through the 1 kDa membrane were higher in hydrophobic character as defined by the C-18 SPE cartridge for UV 254 absorption. These molecules should be present in the effluent of the 5 kDa and 10 kDa membranes as well, but their hydrophobic character was diluted by the presence of higher non-hydrophobic DOC present in these effluents. Figure 5 shows the fluorescence results of the UF fractions and of their respective hydrophobic fractions as defined by the C-18 cartridge at ambient pH. Once again we found that the C-18 cartridge showed the importance of the region I (aromatic protein I). This means that region I was the least hydrophobic (most hydrophilic) as it completely passed through the cartridge. The other regions all decreased in importance, with regions III (fulvic acid-like) and V (humic acid-like) decreasing the most. This highlights that these two regions were the most hydrophobic.
The effect of the UF fractionation was different. The fluorescent peaks remained the same through the different membranes though they did not react in the same manner. The main peak of region III increased through the three membranes. Region III, represented molecules of fulvic acid-like functionality with lower molecular weight and weak hydrophobic character (Chen et al. ) . It appeared sensible that these would pass through the membranes more easily. This increase of region III was counterbalanced by decreases in regions I (aromatic proteins I) and region IV (microbial by-products).
CONCLUSIONS
This study showed that the two hydrophobic methods, the XAD-8 resin sorption and C-18 PRAM, though used for similar purposes are not directly comparable even at pH 2. The data show that these two methods retained different fractions of the DOM. The difference between the retention of these two methods was seen most clearly in the fluorescence intensity measurements, where the C-18 cartridge prominently allowed region I (aromatic protein) material through, whereas the XAD method removed these compounds and let more microbial by-product type molecules (region IV) pass through. This emphasizes the difficulty of defining the hydrophobic fraction of a sample. The structure of the XAD-8 resin shows it is really much more hydrophilic than the C-18 PRAM cartridge. The retention of the aromatic proteins (Region I of fluorescence) by XAD-8 at pH 2 reinforced this result as aromatic proteins tend to have their hydrophilic structures exposed while the hydrophobic functionalities are apparently buried within the proteins' molecule.
This study also emphasizes that the use of the PRAM method coupled with fluorescence and/or UF can be used to gather more insight into the hydrophobic fraction of organic matter. In particular it is possible to characterize size fractions in terms of hydrophobicity and organic matter type. This method could be used to evaluate correlations between these fractions and different parameters of concern such as THM formation or membrane fouling.
Finally, these two methods could be used in parallel in order to gain more insight into DOM specificities. An example would be to evaluate the impact of a water treatment unit operation on the hydrophobic fraction of DOM. If the hydrophobic fraction described by the PRAM method is more impacted than the one defined by XAD adsorption, then the study of the difference will yield information on the character of the molecules that primarily impact the treatment. The use of these methods to complement each other needs to be studied more in depth in future research projects.
